Abstract Change in phosphoethanolamine pool size in tumor tissues is an important indicator of tumor prognosis and drug therapy efficacy. Phosphoethanolamine is the substrate of the regulatory enzyme CTP:phosphoethanolamine cytidylyltransferase (ECT) in the de novo biosynthesis of phosphatidylethanolamine (PE). Metabolic labeling with [
Phosphatidylethanolamine (PE) is a dominant phospholipid at the protoplasmic face of all cell membranes, where it is directly involved in important cell processes such as cell signaling, membrane fusion, cell division, and apoptosis (1) (2) (3) (4) . PE can be derived from other phospholipids by decarboxylation of phosphatidylserine in mitochondria and by base-exchange mechanisms in the endoplasmic reticulum (5). However, de novo synthesis of PE through the CDP-ethanolamine Kennedy pathway is considered the most important method for contributing the majority of cellular PE and for the production of PE-plasmalogens (6) . The Kennedy pathway is composed of three steps: conversion of phosphoethanolamine from ethanolamine by ethanolamine kinase (EK), formation of CDP-ethanolamine from phosphoethanolamine through the activity of CTP: phosphoethanolamine cytidylyltransferase (ECT), and combination of CDP-ethanolamine and diacylglycerol/ alkylcylglycerol to produce PE/plasmalogens (6) (7) (8) .
The importance of ECT for the regulation of the Kennedy pathway has been recently reviewed (1) . We established that the mouse ECT gene Pcyt2 is regulated by alternative splicing that creates two distinct transcripts of unknown function (9) . The two proteins, longer a and shorter b, differ in their catalytic properties, could form homo-and heterodimers, and could be regulated in a tissue-specific manner (10) . We also produced partially deficient Pcyt2 mice and showed that complete deletion of the mouse Pcyt2 gene is embryonic lethal (11) . These results established the essentiality of the Pcyt2 gene and the Kennedy pathway for animal development and demonstrated that heterozygous animals maintain membrane homeostasis by downregulating PE degradation, not by stimulating phosphatidylserine decarboxylation (11) .
Information on the regulation of PCYT2 gene expression at mRNA and protein levels is scarce. Multiple metabolic and activity studies, however, suggest that the PE Kennedy pathway and ECT could be inhibited in various cancers and transformed cells, including breast cancers (1) . The human ECT gene PCYT2 is located at chromosome 17q25.3, which is in the vicinity of a tumor suppressor and is the most frequently modified region in human breast cancers and derived cell lines (9, 12) . Early in cancer progression, phenotypic changes in phospholipid profiles begin and are distinguished by the elevation in phosphoethanolamine and phosphocholine contents (13) . In breast tumor extracts and in vitro cultured cancer cells, NMR analysis demonstrated that phosphomonoester resonance signals consisted predominantly of phosphoethanolamine and phosphocholine, with their levels decreasing to normal values during either spontaneous or therapy-induced regression (13, 14) . Awareness of the significance of phosphoethanolamine and phosphocholine as biochemical indicators of in vivo tumor progression and response to therapy arose more than a decade ago; however, the basic mechanisms responsible for these phenomena are not well understood.
Pcyt2 is an essential gene, and the Kennedy pathway is a ubiquitous metabolic pathway (10, 11) . We are the first to isolate and characterize the human PCYT2 promoter. The basal promoter activity was delineated by luciferase reporter assays and gel-shift analysis. The PCYT2 promoter is driven by a functional CAAT box (290/273) and by negative (2385/2255) and positive (2255/2153) regulatory elements, demonstrating that PCYT2 is a housekeeping gene intricately regulated by multiple transcription factors (15) . The upstream promoter regions of the PCYT2 gene could bind nuclear factor kB (NFkB) and early growth response protein 1 (EGR1), implicating their role in PCYT2 gene regulation (15) . NFkB is a heterodimeric or homodimeric complex of five distinct subunits: p65 (RelA), p68 (RelB), p75 (c-Rel), p50 (NFkB1), and p52 (NFkB2) (16) . Although RelA, RelB, and c-Rel all possess C-terminal transactivation domains that drive gene transcription, p50 and p52 lack this domain and cannot activate transcription but rather act as suppressors (16) . NFkB classically forms heterodimers of p65/p50 to transactivate target genes (16) . EGR1 is a member of the immediate-early gene family, which also includes EGR2, EGR3, and EGR4 (17) . Members of this family contain three zinc-finger DNA binding domains and, like Sp proteins, bind to GC-rich promoter regions (17) . Breast cancer tissues have a greater NFkB transcriptional activity than noncancerous breast tissues (16) , and there are reports suggesting that EGR1 is also aberrantly regulated in several types of cancers (18) . This work aims to examine the mechanisms for the regulation of PCYT2 gene expression in human mammary cells, and to unravel molecular mechanisms for the increase in the intracellular phosphoethanolamine pool in cancerous breast cells. We describe that changes in the expression and activity of the transcription factor EGR1 could account for the most of the PCYT2 promoter activity and could lie behind the variations in the Kennedy pathway and PE content in human mammary cells, including breast cancer cells. Antibodies for NFkB p65 (sc-7151), EGR1 (sc-110), Sp1 (sc-14027), Sp3 (sc-13018), and human EGR1 small interfering RNA (siRNA) (sc-29303) were all from Santa Cruz Biotechnology, Inc. ECT-specific antibodies were generated by us as initially described (11) .
MATERIALS AND METHODS

Materials
Cell culture
Human mammary epithelial cells (MCF-10A; American Type Culture Collection, CRL-10317™) were maintained in a 1:1 mixture of Dulbeccoʼs modification of Eagleʼs and Hamʼs nutrient mixture F12 (DMEM/F12) supplemented with cholera toxin (100 ng/ml), epidermal growth factor (EGF) (20 ng/ml), hydrocortisone (0.5 mg/ml), bovine insulin (0.008 mg/ml), and 5% horse serum. Human breast cancer cells (MCF-7; American Type Culture Collection, HTB-22™) were maintained in MEM supplemented with 10% FBS, bovine insulin (0.008 mg/ml), 50 U/ml penicillin, and 50 mg/ml streptomycin. Cells were maintained at 37°C in a humidified 5% CO 2 atmosphere. Cell growth was assayed by 24 h cell count and protein content when no significant differences in growth rates between MCF-7 and MCF-10A cells were observed.
Radiolabeling experiments and PE content
MCF-7 and MCF-10A cells were grown until reaching 60% confluence, at which point the CDP-ethanolamine Kennedy pathway was labeled with [
14 C]ethanolamine (0.5 mCi/dish) for 24 h. Lipids were extracted using the method of Bligh and Dyer (19) . The total radioactivity from the water-methanol phase and that of the lipid phase were measured separately. [ 14 C]PE was separated from the lipid phase using TLC in a solvent consisting of methanol-chloroform-ammonia (65:35:5). Ethanolamine, phosphoethanolamine, and CDP-ethanolamine were separated from the water-methanol phase using TLC in a solution of methanol-0.5% NaCl-ammonia (50:50:5). The separated 14 Clabeled compounds were measured by scintillation counting. Total PE mass was determined both by gas-liquid chromatography (GLC) (Lipid Analysis, Ltd., Guelph, ON) and by TLC using the fluorescent probe 1,6-diphenylhexatriene, as we initially described (11) . Lipids were extracted as above, using the method of Bligh and Dyer (19) from equal amounts of cells (1 mg protein). The lipid phase was dried with nitrogen and resuspended in 200 ml chloroform (19) . One-half of the extract (100 ml) was used for GLC analysis, and the second half was separated on silica gel 60 plates (VWR) with methanol-chloroform-ammonia (65:35:5). 1,6-Diphenylhexatriene was added at 100 mM concentration, and PE was visualized by ultraviolet (UV) light excitation at 302 nm. PE mass was quantified using standard curves generated by reflection densitometry.
Enzyme assays
Cells were lysed in a homogenization buffer (10 mM Tris-HCl, pH 7.4, 1 mM EDTA, and 10 mM NaF) with protease and phosphatase inhibitor cocktails (Sigma), cell debris was removed by centrifugation (2 min at 13,000 g), and the supernatant protein content was determined with bicinchoninic acid protein assay (Pierce). EK activity was measured for 15 min at 37°C by following the phosphorylation of [
14 C]ethanolamine (110 mCi/mmol, American Radiolabeled Chemical) with ATP as described previously (20) . The reaction mixture contained 50 mM Tris-HCl buffer, pH 8.5, 10 mM ethanolamine, 7.2 mM [ 14 C]ethanolamine, 10 mM ATP, 10 mM MgSO 4 , and cell supernatant (10.5 mg protein) in a final volume of 50 ml. Reaction mixtures were separated by TLC on silica G plates (Fisher, Canada) using the solvent system of 95% ethanol-2% NH 4 OH (5:1). The radiolabeled phosphoethanolamine product was visualized by 1% ninhydrin and quantitated by liquid scintillation counting.
ECT activity was assayed using [ 14 C]phosphoethanolamine (55 mCi/mmol, American Radiolabeled Chemical) as a substrate (10) . Briefly, a 50 ml mixture of 20 mM Tris-HCl buffer, pH 7.8, 10 mM MgCl 2 , 5 mM DTT, 2 mM CTP, 10 mM unlabeled phosphoethanolamine, and 3.6 mM [ 14 C]phosphoethanolamine was incubated with cell lysates containing 15 mg protein at 37°C for 15 min. Reactions were terminated by boiling for 2 min. Reaction mixtures were then loaded onto silica G plates with CDP-ethanolamine and phosphoethanolamine standards and separated in a solvent system of methanol-0.5% NaCl-ammonia (50:50:5). Plates were then sprayed with 1% ninhydrin, and the CDP-ethanolamine product was quantitated by liquid scintillation counting.
5′-Deletion analysis
Promoter reporter constructs. The PCYT2 promoter (AY953521) was cloned as we previously outlined in Poloumienko et al. (9) . The 5′-deletion promoter constructs were prepared as we first described in Johnson, Yuan, and Bakovic (15) The promoter construct containing a mutated CAAT box was generated from LUC.hET1 using overlapping PCR mutagenesis to create the mutant LUChET1.CAATmut. The oligonucleotides of hET1 F 5′atttgagctcctgcactggcttccggtgtcc3′ and CAATmut F 5′cc-gagcggcgcacgcgatatcccgtgcgcag3′ were paired, respectively, with CAATmut R 5′cacccgctgcgcacgggatatcgcgtgcgcc3′ and Glprimer2 5′ctttatgtttttggcgtcttcc3′ to produce two individual DNA fragments by PCR amplification. The two DNA fragments overlapping the region annealing with the mutated CAAT box were together used as templates for amplifying the whole length of the mutated CAAT box promoter with the primers of hET1 F and Glprimer2. The final PCR fragments were digested with the restriction enzymes and subcloned into the promoterless vector pGL3. Construct LUC.NFkBmut was generated with the same method, but using the primers of NFkBmut F 5′ggaggtggcggcggtgatatcgtcc-ccacgc3′ and NFkBmut R 5′gtgcggcgtggggacgatatcaccgccgcca3′.
Luciferase assays. Approximately 3 3 10 6 cells were allowed to grow overnight on 60 mm plates to 60% confluence before transfection with 2.5 mg of DNA promoter-luciferase constructs and 34 ng of pRL-CMV Renilla vector (Promega) using 15 mg DOTAP (Avanti Polar Lipids) in serum-free media. After 5 h of incubation, the serum-free media was replaced with serum-supplemented media and the cells were cultured for an additional 42 h. Promoter activity for each of the promoter-luciferase constructs was determined using the Dual-Luciferase Reporter Assay System (Promega) and the Turner Design 20/20 Luminometer. Activity was normalized by determining the ratio of firefly luciferase activity to Renilla luciferase activity and was determined relative to the full-length promoter clone LUC.hET1 in MCF-7 cells.
RNA analyses
Reverse transcription and semi-quantitative PCR. Total RNA was isolated with TRIzol reagent (Invitrogen). First-strand cDNA was synthesized from 2 mg of total RNA using a poly-dT primer and Superscript II reverse transcriptase (Invitrogen). To amplify PCYT2 and EGR1 cDNA products, PCR reactions were performed with the same amounts of single-stranded DNA of each cell line using PCYT2-specific primers F2 (5′acggcaggcacgggccatggg3′) and R3 (5′ctcccagcctgcttcacttcc3′), or using specific primers for EGR1 (EGR-FP: 5′ccttccccacgccgaaca3′; EGR-RP: 5′cctgggagccc-gactgagtg3′). The expression of the housekeeping gene G3PDH (FP: 5′tccaccaccctgttgctgta3′; RP: 5′accacagtccatgccatcac3′) was used as a control. All PCR reactions were performed under the following conditions: initial denaturation at 94°C for 5 min, followed by 30 cycles (23 cycles for G3PDH) of denaturation at 94°C for 30 s, 58°C annealing for 30 s, 72°C extension for 90 s, and a final extension of 10 min at 72°C. The amplified PCR products were subjected to 1.2% agarose electrophoresis.
PCYT2 mRNA stability. To establish the effect of estrogen on MCF-7 cells, MCF-7 cells were cultured for 48 h in a phenol red-free MEM containing 10% charcoal-treated FBS with or without 10 nM of 17b-estradiol. Estrogen-independent MCF-10A cells grown under regular culturing conditions were used as controls. After 48 h, all cells were treated with 1 mg/ml actinomycin D (Sigma) for 0, 1, 2, and 4 h, and at the end of each time period, total RNA was isolated and the first-strand cDNA was synthesized from 2 mg of RNA using a poly-dT primer and an 18S-RNAspecific primer (5′gagctggaattaccgcggct3′) (21) . PCYT2 cDNA was amplified as described above, and 18S-RNA cDNA, amplified with 18S-F (5′taccacatccaaggaaggcagca3′) and 18S-R (5′tggaatt-accgcggctgctggca3′) primers, was used as an internal control (21) .
Isolation of nuclear proteins
About 90% confluent MCF-7 and MCF-10A cells in 75 cm flasks were frozen at 280°C for 20 min and subjected to nuclear protein extraction. Cells were lysed in 0.5 ml lysis buffer (10 mM HEPES, 10 M KCl, 1.5 mM MgCl 2 , 5% NP-40, 1 mM DTT, and protease and phophatase inhibitors), scraped into a microfuge tube, and pelleted by centrifugation at 3,000 rpm for 5 min at 4°C. After the supernatant was removed, the pellet was resuspended in lysis buffer and then centrifuged twice more before being resuspended in 40 ml extraction buffer (20 mM HEPES, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol, 1 mM DTT, and protease and phophotase inhibitors) during a 10 min incubation on ice with occasional vortexing. Then nuclear debris was pelleted by centrifugation at 10,000 rpm for 5 min at 4°C, and the supernatant was diluted in a new microfuge tube with 60 ml dilution buffer (20 mM HEPES, 50 mM KCl, 0.2 mM EDTA, 20% glycerol, 1 mM DTT, and protease and phophatase inhibitors). Nuclear protein concentrations were determined using the bicinchoninic acid protein assay (Pierce), and the proteins were stored at 280°C for future use.
Electrophoretic mobility shift assays
Five double-stranded oligonucleotides covering almost the entire PCYT2 promoter region (from 2227 to 265 bp) were synthesized and used as specific probes or competitors. The sequences of the sense strand from each pair are as follows: P 2227/2193 : 5′gggacagcgccccgtggaggttcccggaggtggcg3′; P 2191/2160 : 5′cggtgggacggtccccacgccgcactgccccg3′; P 2156/2125 : 5′gccgagcgccagg-tgtgggcggtgcggagagg3′; P 2128/293 : 5′gaggccaggtgtgggtcggggggcggg-gctcgggc3′; and P 298/265 : 5′cgggccgagcggcgcacgccattggccgtgcgca3′. The 3′ end of the forward single-stranded oligonucleotide from each pair was biotinylated using the Biotin 3′End DNA Labeling Kit (Pierce). Synthetic complementary oligonucleotides were annealed at 70°C for 15 min and gradually cooled down. Electrophoretic mobility shift assays (EMSAs) were performed using the LightShift: Chemiluminescent EMSA Kit (Pierce). Binding of the nuclear extract to DNA was performed in a 20 ml reaction (2 ml 10 3 binding buffer, 1.2 mg Poly(dI-dC), 2.5% glycerol, 0.05% NP-40, and 5 mM MgCl 2 , all from the Pierce EMSA Kit. Each reaction was carried out at room temperature for 20 min using 5-10 mg of MCF-7 or MCF-10A nuclear extracts. For the competition study, 100-fold molar excess of unlabeled probe or consensus sequence for the transcription factor of interest was added prior to the labeled probe. Sequences for consensus probes were from Santa Cruz: pNFkBcon 5′agttgaggggactttcccagg3′; pEGR1con 5′ggatccagcgggggcgagcgggggcga3′; pC/EBPcon 5′ tgcagattgcgcaatctgca3′; pNF-Ycon 5′agaccgtacgtgattggttaatctctt3′. For super-shift analysis, 0.04 mg antibody for the transcription factor of interest was used instead of its unlabeled consensus. The DNA-protein complexes were separated on a 6% polyacrylamide gel and transferred to a nylon membrane. After cross-linking under UV light for 15 min, the DNA-protein complexes were detected using HRP-conjugated streptavidin according to the manufacturerʼs instructions (Pierce).
Immunoblotting
The cytoplasmic and nuclear proteins were isolated from MCF-7 and MCF-10A cells and were separated on a 10% SDS-PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane. The PCYT2, EGR1, Sp1, Sp3, and NFkB proteins were probed with specific antibodies using standard Western blotting procedures. The PVDF membranes were blocked with 5% nonfat milk in TBS-T (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.05% Tween-20) at room temperature for 1 h and then incubated overnight at 4°C with the primary antibody of interest (1:1000). The membranes were then washed three to four times with TBS buffer, incubated for 1 h at room temperature with the corresponding secondary antibody (1: 20,000) linked to HRP, and then visualized with enhanced chemiluminescence (Sigma).
SiRNA-mediated gene silencing of EGR1
For each transfection, 1.5 mg of EGR1 siRNA duplex (Santa Cruz) was incubated with 6 ml of transfection reagent in 200 ml transfection medium for 35 min at room temperature. As suggested by the manufacturer, 50% confluent MCF-10A cells in 6-well plates were washed twice with transfection medium and immediately transfected with the siRNA mix. Transfection of the same amount of control siRNA duplex (Santa Cruz), which contains a scrambled sequence that will not lead to the specific degradation of any known cellular mRNA, was used as a negative control. After 18 h, the transfection medium was replaced and the cells were allowed to grow for an additional 24 h in normal medium. Then cells were either collected for total RNA isolation or harvested in a homogenization buffer (9) for immunoblotting and enzyme assays.
Statistical analysis
All measurements are expressed as means from at least three independent experiments 6 SD. Statistical analysis was performed using GraphPad Prism software (GraphPad, Inc.). Data were subjected to two-way ANOVA or Studentʼs t-test, as appropriate, and differences were considered statistically significant at ***P , 0.001, **P , 0.01, and *P , 0.05. Densitometry analyses for the quantification of total PE mass, mRNA, and Western blotting were performed by Scion Image software (Scion, Inc.).
RESULTS
Regulation of CDP-ethanolamine Kennedy pathway in MCF-7 and MCF-10A cells
To understand the mechanisms behind the modified phosphoethanolamine pool in cancer cells, we radiolabeled both MCF-7 human breast cancer and MCF-10A normal mammary epithelial cells with [
14 C]ethanolamine for 24 h, and measured radiolabeled precursors of the CDP-ethanolamine Kennedy pathway. Total radiolabeling of both cell types was similar, with 5,900 pmol/mg protein in MCF-7 cells and 5,300 pmol/mg protein in MCF-10A cells (Fig. 1A) . However, the distribution of the radiolabels was different, and the radiolabeling of water-soluble metabolites, which represents the sum of [ 14 (Fig. 1B) . The ratio of [ (Fig. 1D) . To further address the reason for the observed changes in the phosphoethanolamine and PE pools in the two cell lines, we also measured the EK and ECT activities and quantified the total PE mass. EK activity was similar in MCF-7 and MCF-10A cells (76.8 6 5.8 vs. 81.1 6 5.1 mmol/mg/min), whereas ECT activity in MCF-10A cells (17.8 6 1.1 mmol/mg/min) was ?3-fold (P , 0.01) higher than in MCF-7 cells (6.4 6 0.6 mmol/ mg/min). In MCF-10A cells, total PE mass was 59.7 mg/mg protein and 2-fold the PE present in MCF-7 cells (29.1 mg/mg protein; P , 0.01). Taken together, these data strongly suggest that the increased phosphoethanolamine pool in MCF-7 cells could be attributed to its slow conversion into CDP-ethanolamine catalyzed by ECT, not to an increased EK activity.
We postulated that the reduced ECT activity observed in MCF-7 cells relative to MCF-10A cells could be due to differences in PCYT2 gene expression, which was tested at the level of promoter activity and mRNA and protein content as shown in Fig. 2 . The full-length PCYT2 promoter-luciferase construct LUC.hET1 was transfected into both cell lines ( Fig. 2A) , and the promoter activity was determined by luciferase reporter assays under identical conditions. As expected, the LUC.hET1 reporter had ?2.4-fold higher activity in MCF-10A cells than in MCF-7 cells (P 5 0.0045). The PCYT2 mRNA level in MCF-10A cells was ?2.8-fold higher than in MCF-7 cells (Fig. 2B) , whereas PCYT2 protein amounts increased ?10-fold in MCF-10A cells compared with MCF-7 cells (Fig. 2C) .
Both cell lines are normally grown in the presence of estrogen-containing serum. The MCF-7 cell line, however, is an estrogen-responsive tumor cell line and increases its proliferative rate upon treatments with 17b-estradiol (E2).
In order to evaluate the stability of PCYT2 message in the two cell lines and to determine how estrogen could contribute to the PCYT2 mRNA stability in MCF-7 cells, the decay rate of PCYT2 mRNA was assayed as shown in Fig. 2D . Overall, the PCYT2 mRNA decayed slowly (was much more stable) in nontumorigenic, estrogen-independent MCF-10A cells than in tumorigenic, estrogen-dependent MCF-7 cells. In addition, MCF-7 PCYT2 mRNA was more stable in the presence than in the absence of E2. Therefore, these data demonstrate that differences in the PCYT2 mRNA stability could also contribute to the observed differences in the PCYT2 mRNA and protein contents in the two cell lines, shown in Fig. 2B , C.
Identification of regulatory regions within the PCYT2 promoter
To understand the mechanisms behind the transcriptional regulation of the PCYT2 gene, we characterized the PCYT2 promoter function in more detail. Results of the promoter 5′-deletion analysis using a series of luciferase reporter constructs identified several promoter regions responsible for the PCYT2 regulation in MCF-10A and MCF-7 cells (Fig. 3) . To accomplish this type of analysis, the data were first adjusted for the differences in the transfection efficiencies and then expressed relative to the activity of the longest promoter construct, LUC.hET1 (2385/153) in MCF-7 cells. In MCF-7 cells, the 5′ deletion of 130 bp to form LUC.hET2 (2255/153) from the fulllength promoter LUC.hET1 (2385/153) resulted in 1.8-fold (P , 0.001) enhanced promoter activity. Additional deletions of 52 bp (2203/153; LUC.hET3), 64 bp (2191/153; LUC.hET7), and 102 bp (2153/153; LUC. hET4) resulted in sequential declines in the promoter activities, all at significant levels, except for the region between LUC.hET7 and LUC.hET4 (2191 to 2153 bp, Fig. 3A) . In MCF-10A cells, the trends were similar, yet the promoter activity remained constantly elevated (2-to 3-fold) relative to the MCF-7 cells. In addition, a dramatically higher activity for the construct LUC.hET4 (2153/153 bp) was obtained in MCF10A cells than in MCF-7 cells. Together, these results uncovered the presence of two upstream positive regulatory regions (2255/2203 bp and 2191/2153 bp), which were only distinctive in MCF-7 cells, and one downstream region (153/153 bp), which was the most important for the elevated activity in the MCF-10A cells (Fig. 3A) . The upstream regions contained two NFkB binding sites, one at 2255/2203 bp and one overlapping with EGR at 2191/2153 bp. Downstream deletions from 2153 to 243 bp and 243 to 16 bp (LUC.hET5 and LUC. hET6) completely abolished promoter activity in both cell types (P , 0.001), indicating that the promoter region from 2153 to 243 bp contains elements for the basal promoter activity. The main elements within this region are parts of the LUC.hET4 (2153/153 bp), also the most distinctive area for the differences between the two cell lines, and they include one CAAT box and two GC-rich regions for Sp and EGR transcription factors. These important regions are shown in Fig. 3B , and their separate functions will be examined in more detail in the following sections.
The importance of the CAAT box (282/271 bp) for the basal PCYT2 transcription
We previously established (15) that the PCYT2 promoter is a TATA-less promoter that has a functional CAAT box at position 282 bp to 271 bp upstream from the transcription start site, which is critical for the basal transcriptional activity of PCYT2. Using a gel shift analysis with a probe from the same region (P 298/265 in Fig. 3B ), we confirmed that P 298/265 specifically binds NF-Y and EGR transcription factors in human mammary cells (Fig. 4A) . The binding was completely abolished by 100-fold molar excess of P 298/265 NF-Y and EGR consensus sequences but not by C/EBP consensus. To further test the specific role of the CAAT box in PCYT2 transcription, we mutated the CAAT box sequence CATTGG → GATATC within the full-length promoter-luciferase reporter (2385/153, LUC.hET1) and performed luciferase assays in both MCF-7 and MCF-10A cells (Fig. 4B) . The luciferase reporter assays showed that this mutation reduced the promoter activity to 20-40% in both cell lines, demonstrating that PCYT2 transcription strongly depends on a fully functional CAAT box that is not cell-type specific. Therefore, the significant decline in the PCYT2 promoter activity in the MCF-7 cells and constantly elevated activity in the MCF-10A cells observed after deletion of a broader promoter region (2153/243 bp; Fig. 3 ) appear to be the results of different types of regulation produced by interactions of distinct upstream promoter enhancers with the core CAAT binding proteins. Described below are experiments performed to was corrected for the transfection efficiency and expressed relative to the activity in the MCF-7 cells, which was set at 1. *P , 0.05 from three independent experiments performed in duplicate. B: PCYT2 mRNA levels were lower in MCF-7 cells than in MCF-10A cells. The cDNA of the housekeeping gene G3PDH was amplified as an internal control. Lanes represent three repeats of the same experiment, and numbers are mean 6 SD of three independent experiments. C: PCYT2 protein mass is lower in MCF-7 cells than in MCF-10A cells. Immunoblotting was conducted with 15 mg of protein using PCYT2-specific antibody and anti-b-actin as a control for the protein loading. Lanes represent two repeats of the same cell type, and numbers are mean 6 SD of three independent experiments expressed relative to MCF-7 cells. D: PCYT2 mRNA stability in MCF-10A and MCF-7 cells treated with or without 10 nM of 17b-estradiol (E2) as described in Materials and Methods. Shown are time curves for the PCYT2 mRNA corrected at each point by the abundance of 18S-RNA used as an internal standard in RT-PCR. Shown are mean 6 SD from at least two separate experiments performed in duplicate or triplicate.
delineate this distinct cell type-dependent regulation of the PCYT2 promoter function.
Roles of two GC boxes and EGR1 for stimulated gene transcription in MCF-10A cells
Promoter deletion analysis showed that the construct LUC.hET4 (2153/153) processed 10-fold higher (0.26 vs. 2.65; P , 0.01) luciferase activity in MCF-10A cells than in MCF-7 cells, whereas LUC.hET5 and LUC.hET6 (243/ 153 bp and 16/153 bp, respectively) completely lost activity in both cell types (Fig. 3A) . This implies that the transcription factors responsible for the enhanced activity in MCF-10A cells are located between 2153 and 243 bp. To test which transcription factors are responsible for this regulation, two probes covering two GC-rich regions, P 2156/2125 and P 2128/293 , were designed for EMSA (Fig. 5) . Both probes contain putative binding sites for EGR1 and Sp transcriptional factors. EMSA analysis demonstrates that nuclear extract from MCF-10A cells formed three specific complexes with the more upstream probe, P 2156/2125 (Fig. 5A) . The complex shown as band b represents Sp1-EGR1 DNA interaction, because this band was shifted by 100-fold molar excess of unlabeled P 2156/2125 and Sp and EGR consensus, and super-shifted by Sp1 and EGR1 antibodies. Similarly, band c represents a mix of Sp3 and EGR DNA complexes, because band c could be competed for by 100-fold molar excess of "cold" P 2156/2125 probe, Sp3 and EGR1 antibodies, and by both Sp3 and EGR consensus sequences. Band d is indicated as EGR1/Sp(?) DNA complex because the intensity of this band was reduced by an excess of unlabeled P 2156/2125 and Sp and EGR consensus but super-shifted only by EGR1 antibody. Sp1-and Sp3-specific antibodies did not have an effect on band d, suggesting that some other Sp subtype could be involved in this interaction (Fig. 5A) .
The second GC probe, P 2128/293 , is positioned immediately downstream of the probe P 2156/2125 . As shown in Fig. 5B , this region specifically interacts with Sp1 and Sp3 transcription factors, indicated as bands e and f, which were super-shifted by their specific antibodies. P 2128/293 is GC-rich and might also be targeted for EGR binding, as was probe P 2156/2125 . No effective EGR binding was detected for this region, but transcription factors Sip (band f ) and an as-yet-unidentified Sp family member (band g) could be involved in the interaction with this region.
We next analyzed the cell type differences in cellular and nuclear distribution of the main GC-regulatory transcription factors, EGR1, Sp1, and Sp3 (Fig. 6A, B) . EGR1 was abundantly present in both cytosol and nuclei of MCF-10A cells, which is in contrast to a very low presence in MCF-7 cells (Fig. 6A ). Unlike EGR1, nuclear content of Sp1 and Sp3 proteins were similar in both cell types, even though their inactive cytosolic pools were significantly higher in MCF-7 cells than in MCF-10A cells (Fig. 6B) . To test whether the cell-specific differences in EGR1 protein levels would affect its binding activity to the PCYT2 promoter, we also performed EMSA using MCF-7 nuclear extracts and the probe P 2156/2125 . As shown in Fig. 6C , the bands b, c, and d, which were shifted by EGR consensus probe and anti-EGR1 antibody when MCF-10A nuclear extracts were used (Fig. 5A ), could not be competed for by the EGR1 consensus probe and its specific antibody when MCF-7 nuclear extracts were used. These bands were, however, specifically competed for by Sp1/Sp3 consensus probe and specific antibodies. These data, together with the promoter activity assays (Fig. 3 ) and EMSA analysis (Fig. 5) , strongly Fig. 3 . Identification of the PCYT2 promoter regulatory regions. A: 5′-Deletion analysis of the PCYT2 promoterluciferase reporters in MCF-7 and MCF-10A cells. Luciferase activities were measured 48 h after transfection and corrected for the transfection efficiency by the Renilla luciferase reporter as described in Materials and Methods. The corrected activities were then expressed relative to the activity of the full-length construct LUChET1 (2385/153 bp) in the MCF-7 cells, which was set at 1. Values are mean 6 SD from at least three independent duplicate experiments. *P , 0.05 for hET1 vs. hET2, hET3 vs. hET2, and hET4 vs. hET3. ***P , 0.001. B: Schematic representation of the 5′-deletion strategy for the luciferase constructs hET1-hET7 also showing the position and the organization of transcription factor binding sites analyzed by site-directed mutagenesis and electrophoretic mobility shift assays (EMSAs). The location of five promoter probes used in EMSAs is shown at top.
indicate that the transcription factor EGR1, but not Sp1 and Sp3 factors, is responsible for the upregulated PCYT2 promoter activity and gene transcription in MCF-10A cells.
Modifications of the EGR1 gene expression
Because the elevated nuclear EGR1 in MCF-10A cells is due to the abundant protein expression, and given that EGR1 binds to several PCYT2 promoter regions, we used siRNA-mediated gene silencing to test the effect of depleting the EGR1 content on the Pcyt2 mRNA and protein expression. Indeed, when the EGR1 gene was silenced by its specific siRNA (0.61-fold), PCYT2 expression was dramatically reduced at the mRNA level (0.63-fold) and hardly detectable EGR1 (0.16-fold) and PCYT2 (0.07-fold) proteins were obtained by Western blotting (Fig. 7A, B) . Under the same conditions, the ECT activity was also severely reduced by EGR1 silencing and was only 1.3 6 0.4 mmol/mg/min or 8.3% of the activity in the siRNA control-treated cells (15.6 6 1.9 mmol/mg/min; P , 0.005).
Because the EGR1 gene is responsive to a multitude of extracellular signals, including growth factors (22) , insulin (23, 24) , and corticosteroids (25), we cultured MCF-7 cells (express low EGR1) in the media of MCF-10A cells (express abundant EGR1, Fig. 6A ), and these data are shown in Fig. 7C . The new media (DMEM/F12 containing 5% serum, EGF, hydrocortisone, and insulin) induced the expression of EGR1 in MCF-7 cells by 2.2-fold relative to the standard media (MEM containing 10% serum and insulin). The increase, however, was below the EGR1 levels detected in MCF-10A cells grown in the same media (10-fold in Fig. 6A ). In parallel, PCYT2 protein increased 4.7-fold when MCF-7 cells were switched to the DMEM/F12 media (Fig. 7C) but was below the levels in the MCF-10A cells grown under the same conditions (10.7-fold in Fig. 2C ). Therefore, we concluded that in MCF-7 cells, EGR1 levels could be increased by different culture conditions that directly impact PCYT2 gene expression, yet there are additional, inherent differences between the two cell types that contribute additional EGR1 in MCF-10A cells and therefore different regulation of PCYT2 in these two cell lines.
Role of NFkB in PCYT2 promoter regulation in MCF-7 cells
As demonstrated by 5′-deletion analysis for the luciferase constructs hET2-hET4 (Fig. 3A) , NFkB binding sites within the promoter region 2255/2153 bp are responsible for the PCYT2 regulation in MCF-7 cells. In our previous characterization of the PCYT2 promoter, we established that in HeLa cells, NFkB and EGR1 could both bind to the promoter region 2190/2160 bp and that in addition, a second NFkB site could be present (15) . Elevated NFkB activity has been seen frequently in breast cancers Fig. 4 . The CAAT box (279/274 bp) is critical for the basal promoter activity. A: EMSA analysis for the core promoter probe P 298/265 and MCF-7 nuclear extracts. The single specific interaction (band a) was competed for by 100-fold molar excess of the "cold" probe P 298/265 or the consensus probes for NF-Y and early growth response protein 1 (EGR1) transcription factors. Nonspecific (NS) bindings are indicated. Shown is an autoradiograph representative of at least three individual experiments. B: Diagram of the CAAT box mutation construct LUChET1.CAATmut that was produced from the full-length promoter construct LUC.hET1 (2385/153 bp) by replacing CATTGG with GATATC sequence (top). The luciferase activity of the LUChET1.CAATmut relative to the wild-type promoter construct LUC.hET1 is severely reduced in both MCF-7 and MCF-10A cells (bottom). The results shown are means 6 SD from three separate experiments performed in duplicate. ***P , 0.001. (16) . To test whether NFkB participates in the regulation of the PCYT2 promoter in MCF-7 cells, two probes (each probe individually containing an NFkB site), together covering the entire positive regulatory region, were used for EMSA. P 2227/2193 had a single NFkB binding site at position 2212/2207 bp, and P 2191/2160 contained an overlapping site for NFkB and EGR1 at position 2187/2182 bp. As shown in Fig. 8A , P 2227/2193 formed two specific DNAprotein complexes, the stronger h and the weaker i. Both complexes were interrupted by 100-fold molar excess of specific unlabeled P 2227/2193 or NFkB consensus probe, and band h was eliminated by the anti-NFkBp65 antibody, whereas band i appeared stronger. These data indicate that band h represents the DNA-protein complex containing the active p65 subunit of NFkB and band i is most probably from an interaction with a different NFkB subunit (p50 or other).
With the probe P 2191/2160 , one protein-DNA band was detected in MCF-7 cells (Fig. 8B) . The formation of this complex could be interrupted by 100-fold excess of the same unlabeled probe, as well as by NFkB or EGR consensus probes (Fig. 8B) . The band was also specifically competed for by antibodies to NFkB p65 and EGR1, in agreement with our previous observation that both factors could bind to this region when using HeLa nuclear extracts (15) . We specifically mutated the NFkB binding site within the P 2191/2160 region by replacing GGACG with ATATC ( Fig. 8C ) and performed luciferase assays in both MCF-7 and MCF-10A cells. The mutation of the NFkB site reduced the luciferase activity of the full-length promoter by ?35% in MCF-7 cells but had no significant effects in MCF-10A cells, suggesting different functional activities of NFkB in these two cell lines. NFkB p65, in its inactive state, exists in the cytosol, bound to inhibitory IkB molecules, and the activation of the pathway leads to the nuclear localization of the p65 subunit (26) . Localization of NFkB in both cell lines was analyzed by immunoblotting, as shown in Fig. 8D . An abundant NFkB p65 existed in the inactive state in MCF-10A cytosol and could not be detected in its active nuclear state. In contrast, in MCF-7 cells, cytosolic NFkB p65 could not be detected, because it was present primarily in the nucleus, demonstrating that the activation of NFkB was higher in MCF-7 cells than in MCF-10A cells. The absence of nuclear NFkB protein in MCF-10A cells agrees with the mutational analysis in Fig. 8C and the 5′-deletion analysis (Fig. 3) showing that the promoter fragment (2255/2153 bp) containing two NFkB sites is regulatory in MCF-7 cells but not in MCF-10A cells. As we described earlier, the PCYT2 promoter regulation in MCF-10A cells is instead strongly dependent on the EGR1 family of transcription factors. 5 . EMSA of two GC-rich promoter regulatory regions. A: Gel-shift and super-shift analyses of a distal GC region using the probe P 2156/2125 and MCF-10A nuclear extracts. Specific interactions were competed for by consensus probes and antibodies to Sp1, Sp3, and EGR1 as indicated at the left of each panel. B. Gel-shift and super-shift analyses of a proximal GC region using the probe P 2128/293 . The shifted bands indicated as e and f were competed for by the excess of the "cold" P 2128/293 probe, the consensus Sp probe, and the specific antibodies for Sp1 and Sp3 transcription factors. Band g was competed for by the Sp consensus but was not Sp1-and Sp3-related. Band f could also be interrupted by Sip. One nonspecific DNA-protein complex is also indicated. Fig. 6 . Expression of the GC binding factor EGR1. Cytoplasmic (A) and nuclear (B) protein contents of EGR1, Sp1, and Sp3 were compared in MCF-10A and MCF-7 cells by Western blotting showing that ERG1 was virtually absent in MCF-7 cells and very abundant and present in active, nuclear form in MCF-10A cells. Although more expressed in the MCF-7 cytosol, nuclear Sp1 and Sp3 did not differ in both cell types. Twenty-five micrograms of proteins from each cell line were used for each Western blotting. Also included is densitometric analysis for at least three independent experiments performed in duplicate and quantified as mean 6 SD relative to the values in MCF-7 cells. C: EMSA using the probe P 2156/2125 and MCF-7 nuclear extracts. The bands b, c, and d correspond to those seen in Fig. 5A . Shown is an autoradiograph representative of three separate experiments.
Taken together, we conclude that differences in PCYT2 gene expression seen in these two cell lines can be attributed to variations in the nuclear activity of the two main regulatory transcription factors, EGR1 and NFkB.
DISCUSSION
Our results, for the first time, demonstrate that the increase in phosphoethanolamine in MCF-7 breast cancer cells could be caused by the downregulation of PE synthesis via the de novo Kennedy pathway at the step of CDPethanolamine formation. An increase in the intracellular phosphoethanolamine pool could be attributed to several factors, including the inhibition of its conversion to CDPethanolamine via the Kennedy pathway and/or the increase in its formation by ethanolamine phosphorylation and PE degradation (14) . Our focus was to understand the mechanism behind the contribution of the inhibition of the Kennedy pathway, because supportive evidence for the importance of this pathway in the maintenance of the phosphoethanolamine pool in tumor cells has been frequently reported (27) (28) (29) (30) . For instance, CDP-ethanolamine was usually undetectable in intact tumors by in vivo NMR studies (24) , and changes in the phosphoethanolamine pool were often associated with changes in ECT activity but not with the rate of ethanolamine phosphorylation (30) . A 10-fold increase above normal phosphoethanolamine levels associated with a low rate of incorporation of [ 14 C]ethanolamine into PE was seen in liver lymphoma (27) . In ras-transformed mouse fibroblasts, elevations of phosphoethanolamine and phosphocholine pools were partially attributed to the inhibition of the corresponding genes Pcyt2 and Pcyt1 (the enzyme catalyzing the conversion of phosphocholine into CDP-choline) (29) . Not much is known about how ethanolamine uptake is regulated, but Fig. 7 . Identification of the role of EGR1 in PCYT2 expression. A: The content of both PCYT2 and EGR1 mRNA in MCF-10A cells transfected with EGR1-specific small interfering RNA (siRNA) was vividly reduced relative to the transfections with a control siRNA duplex (siControl) or untransfected cells. The housekeeping gene G3PDH was amplified as an internal mRNA control. Numerical data represent EGR1/G3PDH and Pcyt2/G3PDH ratios from three separate experiments, expressed relative (1) to siControl. B: Pcyt2 and EGR1 proteins were both dramatically reduced with the siRNA-EGR1 gene silencing under the same conditions as in A. The cells transfected with an unspecific siRNA duplex did not affect the PCYT2 and EGR1 proteins. C: MCF-7 cells were cultured in MEM containing 10% FBS with insulin and in DMEM/F12 containing 5% horse serum with insulin, epidermal growth factor, and hydrocortisone for 48 h; expression of EGR1 and PCYT2 was detected with immunoblotting. B, C: An equal amount (25 mg) of protein loading is demonstrated by protein staining with Ponceau S, and duplicate lanes are indicated. Also shown are means 6 SD from at least two separate experiments performed in duplicate and expressed relative (1) to the values in MCF-7 cells. Fig. 8 . NFkB binding and activity. A: EMSA with the probe P 2227/2193 and MCF-7 nuclear extracts. DNA-NFkB complexes were identified by the competition with 100-fold molar excess of "cold" probe, NFkB consensus probe, and p65-specific antibody. B: EMSA analysis of probe P 2191/2160 with MCF-7 nuclear extracts. The specific interaction was competed for by 100-fold excess of consensus probes and antibodies for NFkB and EGR1. NS indicates nonspecific DNA-protein interactions. The experiments were repeated twice with similar results. C: Diagram of consensus mutation construct LUC.NFkBmut generated from the fulllength promoter construct LUC.hET1 (top). Change of LUC.hET1 promoter activity in MCF-7 and MCF-10A cells when an NFkB site (2187/2182 bp) was mutated (bottom). *P , 0.01. D: Cytoplasmic (20 mg) and nuclear (25 mg) protein levels of NFkB in both cell types were detected by immunoblotting. Numerical data represent mean 6 SD from three independent experiments. Podo (14) postulated that the uptake cannot account for the increase in the phosphoethanolamine pool unless the external substrate concentration is much above its K t value (i.e., the substrate concentration at half maximal transport activity), which is not the case under most physiological conditions.
Maintaining membrane phospholipid homeostasis is important for normal cell function, and major phospholipid classes are tightly regulated under various metabolic conditions (31, 32) . When PE de novo synthesis is limited and PE content is below normal, as in the case of MCF-7 cells, metabolism of other phospholipids, particularly of phosphatidylcholine, is expected to be adjusted accordingly (33) . In contrast to PE, it is generally well established that elevated metabolism of PC is present in most cancers (13, 34 ). An accumulation of the PC metabolite phosphocholine is a result of increased enzyme activities in both biosynthetic and lipolytic pathways, as reported for breast cancers, ovarian tumor cells, and other types of cancer (34) . Therefore, it appears reasonable to expect that the PE Kennedy pathway is closely linked with the aberrant PC metabolism in cancers as a necessary event to sustain malignant cell growth and transformation.
Human PCYT2 gene expression is driven by a GC-rich but TATA-less promoter (9, 15) . Transcriptional initiation of a TATA-less promoter usually depends on a proximal CAAT box targeted by NF-Y or C/EBP transcription factors with help from flanking Sp1 binding to a neighboring GC region (35) , which is evident in the PCYT2 promoter, because the CAAT box region is primarily responsible for PCYT2 transcriptional initiation and this function is shared between the CAAT and GC boxes in both cell types. It is well known that "zinc-finger" transcription factors, such as EGR1 and Sp1, can compete for the same GC-rich promoter regions (36) . Putative EGR binding sites within the GC box adjacent to the CAAT box within the PCYT2 promoter were indicated by a computer database (15) . However, EMSA with the probe P 2128/293 covering this region did not show any significant binding of EGR1, suggesting that this proximal promoter region has a high affinity for Sp1 proteins as an essential interaction for the basal promoter function. The upregulation of the PCYT2 promoter in MCF-10A cells is attributed to additional interactions of distal GC-enhancer sites, which were very strongly dependent on EGR1 expression and activity.
Our initial characterization of the human PCYT2 promoter suggested that both EGR1 and NFkB could be potential regulators of PCYT2 gene transcription (15) . In the current study, we revealed that PCYT2 gene expression was different in MCF-10A cells and MCF-7 cells that also differ in the expression and nuclear activities of EGR1 and NFkB transcription factors. The role of EGR1 in cancers is not clearly established. In prostate carcinomas, high levels of EGR1 are positively related with tumor growth; however, in other cell types, suppression of growth and transformation has been observed in tumor cells constantly expressing EGR1 (17) . EGR1 could suppress the growth and transformation of human fibrosarcoma cells by induction of transforming growth factor b1 (37).
EGR1 also makes complexes with the oncogene c-Jun and activates promoters of the pro-apoptotic genes p53 and PTEN (17) . Furthermore, expression of exogenous EGR1 in human breast tumor cells markedly reduced transformed growth and tumorigenicity (38, 39) . Wenzel et al. (40) reported that EGR1 expression in MCF-7 cells was associated with an inhibitory protein for type 1 Ser/Thr protein phosphatase, and that the expression of this protein is reduced in breast cancer cells, breast tumors, and metastases. Chemotherapeutic agent-induced EGR1 expression in breast carcinoma cells led to a p53-independent apoptosis (41) . However, the mechanisms underlying the loss of EGR1 expression for the dysregulation of normal breast cell growth are not yet fully understood. Our data suggest a novel role for EGR1, to support phospholipid PE synthesis by regulation of PCYT2 gene expression and by doing this to contribute to membrane phospholipid homeostasis, an essential cellular function commonly perturbed in cancers.
The contribution of NFkB to PCYT2 gene transcription in normal MCF-10A cells was not significant, because it was overwhelmed by abundant EGR1 activity. In MCF-7 cells, where EGR1 content is significantly lower, NFkB effectively assisted in the regulation of PCYT2 gene transcription. We found that the significant elevation of NFkB transcriptional activity in MCF-7 cells was caused by increased nuclear translocation of the active subunit RelA (p65). This is in agreement with previous findings established for a panel of breast cancer cells, including MCF-7 cells, which utilize the classical NFkB pathway that targets RelA(p65) nuclear activation (42, 43) . All five members of the NFkB family share the 300 amino acid N-terminal Rel homology domain, and the antibody used in this study was raised against 1-286 amino acids containing this domain. It specifically recognized p65 (RelA) and p68 (RelB) subunits but not p75(c-Rel). The breast cancer cells and breast tumors could have a selective upregulation of p50 and p52 expression relative to normal adjacent tissues (43, 44) . Our antibody detected a selective increase in the MCF-7 cytoplasmic protein of lower size that could correspond to either p50 or p52 subunits. However, whether there is a different subset of the NFkB subunit activation by different abilities of IkB kinases (IKKa and IKKb) to phosphorylate IkB in the two cell lines is not known at present and requires further investigation.
NFkB activation is required for normal mammary gland development, and aberrant regulation of NFkB is linked to breast cancer progression (16, 45) . The constitutive activation of NFkB is a common marker for a variety of cancers, including breast cancer (16) . The activation of NFkB is proposed to facilitate the survival of mutated cells and the growth of tumors, because genetic inactivation of NFkB led to an inhibition of the early stages of tumor development in a mouse model (46) . Coincidentally, a relative elevation of ECT activity during the exponential phase of tumor growth was reported (30) , suggesting that an active PE synthesis is required for cell growth. In addition, it is worth noting that activation of NFkB occurs frequently in response to radio-and chemotherapy (16) . Even though NFkB is thought to be responsible for drug resistance, drug-induced NFkB activation does not always result in anti-apoptosis, but is required for inducing the activation of pro-apoptotic pathways under some conditions (16, 47) . Notably, a decrease in phosphoethanolamine content in response to breast cancer therapy is considered an efficient therapeutic effect (48) . Our work is the first to establish a molecular link between NFkB and PE phospholipid metabolism. The relationship between NFkB inactivation and PCYT2 gene expression in response to cancer therapy will be of interest to explore in the future.
In conclusion, we provide evidence that EGR1 is a critical stimulator of PCYT2 transcription and that suppression of the PCYT2 gene could be directly caused by the lower expression of ERG1, as in the MCF-7 breast cancer cells. This work demonstrates that a balance between the abundance and activity of the EGR1 and NFkB transcription factors is critical for the regulation of PCYT2 gene expression, ultimately controlling the de novo Kennedy pathway for PE synthesis, which, if disrupted, could lead to improper membrane function and signaling, as is frequently observed in various cancers, including breast cancer.
